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Summary  Pulmonary  atresia  with  ventricular  septal  defect  (VSD),  hypoplastic  native  pul-
monary arteries  (PAs)  and  major  aorto-pulmonary  collateral  arteries  (MAPCAs)  is  a  rare  and
complex congenital  cardiac  disease.  In  broad  outline,  two  surgical  approaches  are  available  for
patients  with  this  condition.  The  ﬁrst  is  characterized  by  one  or  several  stages  of  completecollateral  arteries;
Rehabilitation
unifocalization  of  the  supplying  MAPCAs,  with  or  without  incorporation  of  the  native  pulmonary
arteries (PAs),  connection  of  the  right  ventricle  to  the  ‘neo-Pas’  and,  if  possible,  concomitant
or delayed  closure  of  the  VSD.  The  second  strategy  is  based  on  rehabilitation  of  the  native  pul-
monary arteries.  The  ﬁrst  step  is  a  direct  right  ventricle  to  native  PA  connection,  to  promote  the
growth of  native  PAs.  The  establishment  of  antegrade  ﬂow  also  allows  an  easier  approach  for
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interventional  catheterization,  enabling  dilatation  or  stenting  of  the  stenosis  and  then  closure
of the  communicant  collaterals.  When  the  development  of  the  native  PAs  is  satisfactory,  the
complete  repair  is  performed.  If  it  is  necessary  to  suture  a  MAPCA  to  the  PA  (‘unifocalization’),
this is  accomplished  by  connecting  the  collateral  artery  to  an  already  developed  native  branch.
Our team  developed  this  multidisciplinary  strategy  with  good  results.  Based  on  this  experience
as well  as  on  the  published  literature,  we  describe  this  strategy  of  management  of  patients  with
pulmonary  atresia,  VSD,  hypoplastic  pulmonary  arteries  and  major  aorto-pulmonary  collaterals
(MAPCAs).
© 2012  Published  by  Elsevier  Masson  SAS.
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Atrésie  pulmonaire  ;
Collatérales  ;
Réhabilitation
Résumé  L’atrésie  pulmonaire  avec  communication  inter-ventriculairev  (CIV),  hypoplasie  des
artères pulmonaires  natives  et  collatérales  est  une  cardiopathie  congénitale  rare  et  complexe.
Il existe  schématiquement  deux  approches  chirurgicales  différentes.  L’une  est  représentée  par
une chirurgie  d’unifocalisation  des  collatérales,  incorporant  ou  non  les  artères  pulmonaires
natives, la  connexion  du  ventricule  droit  aux  « néo  » artères  pulmonaires  et  si  possible  dans  le
même temps,  la  fermeture  de  la  CIV.  La  seconde  stratégie  est  basée  sur  la  réhabilitation  des
artères pulmonaires  natives.  La  première  étape  consiste  en  une  ouverture  de  la  voie  ventricule
droit —  artère  pulmonaire,  dans  le  but  de  promouvoir  la  croissance  des  artères  pulmonaires
natives. L’établissement  d’un  ﬂux  antérograde  rend  ainsi  les  APs  accessibles  aux  procédures
de cathétérisme  interventionnel.  Lorsque  le  développement  des  APs  natives  est  satisfaisant,
la réparation  complète  peut  être  réalisées,  avec  unifocalisation  des  collatérales  et  fermeture
de la  CIV.  Notre  équipe  développe  cette  stratégie  multi-disciplinaire  avec  de  bons  résultats.
À partir  de  cette  expérience  et  de  celle  retrouvée  dans  la  littérature,  nous  proposons  une
description  et  une  mise  au  point  de  la  stratégie  de  réhabilitation  des  artères  pulmonaires  dans
la prise  en  charge  des  patients  avec  atrésie  pulmonaire,  hypoplasie  des  artères  pulmonaires,
CIV et  collatérales.
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Background
Pulmonary  atresia  with  ventricular  septal  defect  (VSD),
hypoplastic  native  pulmonary  arteries  (PAs)  and  major  aorto-
pulmonary  collateral  arteries  (MAPCAs)  is  a  rare  and  complex
congenital  cardiac  disease.  In  broad  outline,  there  are
two  different  surgical  approaches  to  these  patients.  One
of  these  approaches  is  characterized  by  one  or  several
stages  of  complete  unifocalization  of  the  supplying  MAPCAs,
with  or  without  incorporation  of  the  native  PAs,  connec-
tion  of  the  right  ventricle  (RV)  to  those  ‘neo-PAs’  and,
if  possible,  concomitant  or  delayed  closure  of  the  VSD
[1,2].
The  other  approach  is  based  upon  rehabilitation  of  the
native  PAs  [3].  The  ﬁrst  step  is  to  create  a  direct  connec-
tion  from  the  RV  to  the  native  PAs,  in  order  to  promote
native  PA  growth.  Establishment  of  antegrade  ﬂow  allows
also  an  easier  approach  for  interventional  catheterization,
making  dilatation/stenting  of  stenosis  and  then  closure  of
communicant  collaterals  possible.  When  the  development
of  the  native  PAs  is  satisfactory,  the  complete  repair  is
performed.  If  it  is  necessary  to  suture  a  MAPCA  to  the
PA  (‘unifocalization’),  this  is  accomplished  by  connect-
ing  the  collateral  artery  to  an  already  developed  native
branch.
Our  team  developed  this  multidisciplinary  strategy  with
good  results  [4].  Based  on  this  experience  as  well  as  on  the
literature,  we  review  this  strategy  for  the  management  of
patients  with  pulmonary  atresia,  VSD,  hypoplastic  PAs  and
MAPCAs.
t
T
in  SAS.
hich patients are we talking about?
natomical description
o  enter  this  category,  a  patient  should  present  with  pul-
onary  atresia,  no  persistent  arterial  duct  and  ‘hypoplastic’
ut  present  central  PAs.  This  excludes  patients  with  ‘nor-
al’  PAs  vascularized  through  a  ductal  structure,  with  the
tresia  being  simply  at  the  valvular  level  or  more  complex.
t  excludes,  of  course,  patients  without  any  central  PAs.  In
eal  life,  it  is  not  always  easy  at  ﬁrst  examination  to  dif-
erentiate  clearly  between  a  tortuous  arterial  duct  and  an
APCA  but  it  is  clear  that  none  of  these  patients  should
e  prostaglandin  E1-dependent.  ‘Hypoplastic’  PAs  have  to
e  determined  according  to  the  Nakata  index  [3]  (below
0  mm/m2 [or  100  mm/m2,  depending  on  the  authors]).
one  of  these  patients  should  be  readily  accessible  to  com-
lete  repair  without  unifocalization,  which  means  that  a
ormal  output  will  not  be  able  to  ﬂow  through  the  central
A  before  rehabilitation.
The  origin  of  the  pulmonary  ﬂow  is  completely  due  to
he  MAPCAs.  The  distribution  of  the  native  PAs  and  the  MAP-
As  to  the  pulmonary  segments  has  to  be  appreciated  and
valuated.
The  location  of  the  VSD  is  the  same  as  in  Tetralogy  of
allot  —  a  conoventricular  position.  The  anatomical  investi-
ations  have  to  conﬁrm  that  it  is  a  single  VSD.  Furthermore,
he  position  of  the  coronary  arteries  has  to  be  checked.
he  aortic  arch  may  be  left-  or  right-sided,  which  may  have
mportance  for  the  surgical  plans.
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Figure 1. Initial angiographic evaluation. A. Angiography showing
the extremely hypoplastic native pulmonary arteries and the famous
‘sea-gull’ (arrow). Right and left pulmonary arteries are measured
(a and b). The pulmonary distribution is apparently complete. B.
Angiography showing one major aorto-pulmonary collateral artery,
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tmerging from the right side of the thoracic aorta to the middle
nd lower right pulmonary lobe.
Some  of  the  patients  might  have  a  22q11  deletion  (Di
eorge  syndrome),  which  seems  to  be  correlated  with
maller  native  PAs  [4].
All  of  this  information  is  established  via  echocardiog-
aphy,  tomodensitometry  or  angiography.  In  our  hands,
ngiography  is  preferred  because  it  has  always  permit-
ed  a  more  precise  anatomical  diagnosis.  This  point  has
o  be  re-evaluated  with  each  improvement  in  the  com-
uted  tomography  scan  technique.  Typically,  angiography
hows  the  ‘sea-gull’  aspect,  with  retrograde  ﬁlling  of  the
xtremely  diminutive  central  PAs  (Fig.  1A).  The  Nakata  index
an  then  be  calculated.
Different  features  of  each  MAPCA  should  be  analyzed
Fig.  1B):  its  origin  from  the  descending  aorta  or  —rarely,
f  ever  — from  the  main  branches  of  the  ascending  aorta;  its
ize,  with  or  without  stenosis;  its  course,  mainly  in  relation-
hip  with  the  esophagus,  carina  and  bronchus  and  native  PAs;
nd  its  distribution  to  the  lungs.
The  most  important  point  to  determine  about  the  MAP-
As  is  if  each  of  them  is  ‘communicant’;  in  other  words,  if
he  pulmonary  segments  they  vascularize  are  also  ﬁlled  by
he  native  PA  or  not.  Each  segment  has  to  be  considered  sep-
rately,  hence  great  differences  in  ﬂow  origin  and  pressure
re  possible  between  them.
However,  detailed  angiographical  (or  radiological)  analy-
is  may  be  easier  after  the  ﬁrst  stage  procedure  than  at  the
rst  work  up  and  should  always  be  re-evaluated  afterwards.
n  our  experience,  we  have  to  admit  that  complete  distribu-
ion  of  the  native  PAs  was,  in  fact,  found  more  often  than
xpected.
linical statusarly  outcome  after  birth  is  usually  good,  with  blood  sat-
ration  usually  around  80%  or  less.  The  mean  age  of  the
rst  surgical  procedure  is  ideally  around  three  months
5],  depending  on  the  patient’s  growth.  If  cyanosis  is
o
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roblematic,  the  surgery  has  to  be  done  earlier.  If,  however,
he  pulmonary  blood  ﬂow  is  too  high,  medical  treatment  is
iven  and  early  surgery  is  considered,  if  necessary.
One  also  has  to  be  wary  of  management  that  is  ‘too
ate’  in  such  a  patient.  In  the  lung  territories  ﬁlled  by  large
APCAs,  hypertensive  PA  disease  can  develop  early,  with  no
eversibility,  which  might  compromise  the  patient’s  future.
lternatively  some  segments  can  receive  a  very  small  part
f  the  total  pulmonary  ﬂow,  which  will  impair  vasculoge-
esis.  Complete  closure  of  central  native  PA  is  also  a  risk
o  consider.  It  is  likely  that  some  patients  when  diagnosed
ate  and  then  described  as  having  absolutely  no  native  cen-
ral  PA,  had,  in  fact,  a  diminutive  and  low-ﬂow  central  PA
o  begin  with.  It  should  be  understood  that  the  ﬂow  in  the
entral  PA  is  dependent  on  a  subtle  difference  of  pressure
etween  the  left  and  right  segments,  with  communication
etween  native  branching  and  MAPCAs.
In  conclusion,  even  if  the  clinical  status  is  good  —meaning
hat  the  total  pulmonary  blood  ﬂow  is  adequate  —this  bal-
nce  is  unlikely  to  be  as  satisfactory  at  the  segmental  level
nd  postponing  the  therapeutic  decision  can  be  very  dele-
erious  in  the  long-term.
ultistage native pulmonary artery
ehabilitation: How to do it?
tep 1:  Surgical technique for right
entricle-to-pulmonary artery continuity
stablishment [5]
he  procedure  is  performed  via  a  median  sternotomy  with
he  use  of  cardiopulmonary  bypass  (CPB)  on  a  beating
nd  ejecting  heart.  Aortic  cross-clamping  is  not  indicated
ecause  of  the  MAPCAs:  the  blood  ﬂow  would  be  preferen-
ially  towards  the  lungs  (if  the  pulmonary  resistances  are
ow)  and  would  end  up  in  dilated  unable-to-eject  ventri-
les;  the  systemic  perfusion  would  be  poor,  whereas  the  lung
ould  be  overﬁlled.
Typically,  analysis  of  external  anatomy  shows  a  diminu-
ive  main  PA,  connected  to  an  atretic  infundibulum.  After
ontrolling  the  right  and  left  PAs,  and  in  the  case  of  no  major
oronary  artery  crossing  the  infundibulum,  the  main  PA  and
he  infundibulum  are  incised  longitudinally.  When  the  latter
s  opened  (in  the  last  minutes  of  the  procedure),  blood  is,
f  course,  ejected  and  resuctioned  back  in  the  CPB  circuit.
espite  this  bleeding,  the  sucker  is  managed  carefully  to
void  air  embolism  through  the  VSD  and  to  the  aorta.  A  pre-
isely  tailored  autologous  pericardium  patch  treated  with
luteraldehyde  (and  rinsed)  is  sutured  to  the  edge  of  the
rteriotomy  and  to  the  epicardium  around  the  infundibulo-
omy  (Fig.  2).
tep 2:  Multistage catheterization [6,7]
fter  a  delay  of  two  months,  we  believe  that  catheteriza-
ion  can  be  safely  performed.  This  procedure  has  several
bjectives  (Fig.  3):
the  diagnostic  objectives  are:
◦ visualization  of  the  enlarged  now-established  right
ventricle-to-pulmonary  artery  (RV-PA)  continuity,
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Figure 2. Peroperative view of step 1. A and B. The arrow shows the hypoplastic main pulmonary arteries. The right and left pulmonary
arteries are controlled and occluded by blue rubber loops. C. The main pulmonary artery is opened longitudinally (arrow). This incision will
ultimately be extended to the infundibulum, as far as to obtain a sufﬁcient opening of the right ventricle. D. An autologous pericardium
patch is sutured to the edge of the arteriotomy and infundibulotomy.
Figure 3. Example of incomplete pulmonary artery distribution. A. Angiography showing an incomplete distribution of the right pulmonary
artery. Only the upper pulmonary lobes are perfused. B. Major aorto-pulmonary collateral artery perfusing the middle and lower right
pulmonary lobes.
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◦ quantiﬁcation  of  the  growth  of  native  PAs,  with  an
increased  Nakata  index,
◦ re-evaluation  and  identiﬁcation  of  the  distribution  of
the  native  PAs,
◦ and  re-evaluation  of  the  pre-existing  MAPCAs  and
research  of  new  ones;
the  haemodynamic  objective  is:
◦ evaluation  of  PA  pressures  in  the  different  pulmonary
segments,  downstream  of  the  MAPCAs;
the  interventional  objectives  are:
◦ angioplasty/stenting  of  the  native  PAs,
◦ and  coil  occlusion  of  communicant  MAPCAs.
A  computed  tomography  scan  is  often  very  useful  at  this
oint  to  prepare  for  the  catheterization  procedure.  Occlu-
ion  of  communicant  collaterals  is  important,  even  if  the
A  has  not  yet  reached  the  expected  diameter,  to  promote
he  ﬂow,  which  will  itself  promote  growth  and  presum-
bly  angiogenesis.  The  expected  antegrade  ﬂow  is  always
n  competition  with  collateral  ﬂow  and  this  has  to  be  well
nderstood  and  studied  branch  by  branch.  When  a  native
ulmonary  branch  and  MAPCA  both  ﬁll  one  or  several  pul-
onary  segments,  the  occlusion  of  this  MAPCA  is  performed
s  soon  as  the  antegrade  circulation  (with  or  even  with-
ut  dilatation/stenting)  is  considered  sufﬁcient.  When  one
r  several  pulmonary  segments  are  only  ﬁlled  by  a  MAPCA
Fig.  3B),  it  will  be  ‘unifocalized’  (disconnected  from  ori-
in  and  anastomosed  to  the  now  enlarged  native  PA)  at  the
ime  of  step  3  or  during  an  additional  step,  before  the  total
orrection.
At  this  point  of  the  pathway  the  dilatation/stenting  pro-
ess  focuses  on  the  central  PAs,  to  promote  growth  of  hilar
nd  segmental  branches  and  to  allow  safe  occlusion  of  the
ommunicant  MAPCAs.
Sometimes  an  ‘ideal’  catheterization  procedure  cannot
e  done  in  one  step;  several  procedures  may  be  necessary,
ccording  to  the  development  of  the  native  PAs.  Of  course,
he  pulmonary  blood  ﬂow  and  the  subsequent  oxygen  satu-
ation  have  to  be  evaluated  throughout  the  whole  process.
If  the  pulmonary  blood  ﬂow  has  already  increased  before
he  ﬁrst  surgical  step,  occlusion  of  the  communicant  collat-
rals  may  be  done  earlier  than  two  months,  if  necessary.
s  a  matter  of  fact,  in  these  speciﬁc  cases,  the  ﬁrst  surgi-
al  step  is  necessary  but  does  not  improve  and  even  impairs
linical  status,  increasing  the  failure  to  thrive  and  signs  of
ongestive  heart  failure.
tep 3: ‘Complete’ correction
hen  all  the  communicant  MAPCAs  have  been  occluded
nd  the  Nakata  index  is  considered  sufﬁcient  (usu-
lly  >  150  mm/m2),  a  complete  repair  can  be  performed
nder  CPB,  this  time  with  aortic  cross-clamping  and  car-
ioplegic  cardiac  arrest.  In  patients  with  a  Nakata  index
etween  90  and  150  mm/m2,  other  criteria,  such  as  tran-
cutaneous  oxygen  saturation  (SaO2)  greater  or  equal  to
5%  (without  open  MAPCA),  might  be  considered  as  good
vidence  of  feasibility  of  VSD  closure.The  repair  includes:  reconstruction  of  the  pulmonary
ifurcation  and  branches  as  far  as  possible  in  both  direc-
ions  (the  stents,  if  any,  are  longitudinally  open  and  most
f  the  time  almost  totally  removed;  some  well  included  and
e
h
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erfectly  endotheliarized  parts  can  be  left  in  place;  both
he  right  and  left  PAs,  from  origin  to  hilum,  are  enlarged
ith  PA  homograft  wall  patches);  patch  closure  of  the
SD;  and  establishment  of  another  RV-PA  continuity  with  a
ryopreserved  pulmonary  homograft.  At  the  end  of  the  pro-
edure,  even  if  the  haemodynamics  are  perfect,  the  RV/left
entricle  (LV)  pressure  ratio  has  to  be  calculated.  Upon  a
/1  ratio,  VSD  reopening  (perforating  the  patch  with  a  hole
unch)  should  be  considered.
dditional steps
he  management  of  MAPCAs  that  provide  the  only  supply  to
ne  or  several  pulmonary  segments  may  necessitate  other
urgical  steps.  Those  MAPCAs  have  to  be  unifocalized  to  the
omolateral  native  PA,  when  it  is  considered  sufﬁciently
ell  developed.  This  may  be  performed  as  an  additional
tep,  through  a  lateral  thoracotomy,  between  two  stages
f  catheterization;  it  can  also  be  performed  at  the  time  of
tep  3.  The  choice  between  these  two  different  approaches
epends  heavily  on  the  feasibility  of  midline  unifocalization.
he  course  of  each  MAPCA  with  respect  to  the  other  struc-
ure  is  of  importance.  Easy  access  to  the  aortic  origin  of
he  MAPCAs  depends  also  on  the  right  or  left  position  of  the
escending  aorta.
Moreover,  additional  catheterizations  should  be  per-
ormed  after  the  last  surgical  step,  in  order  to  continue
he  PA  rehabilitation  programme.  Those  subsequent  percu-
aneous  procedures  aim  to:  evaluate  haemodynamic  status
PA  and  RV  pressures);  continue  to  promote  the  development
f  native  PAs  with  angioplasty  and  stenting,  if  necessary
this  will  now  mainly  address  hilar  and  lobar  branches);
iagnose  and  occlude  new  aorto-pulmonary  collaterals;  if
ecessary  and  as  soon  as  possible,  occlude  a  fenestrated
SD  patch;  and,  eventually,  redilate  the  central  homograft
nd/or  revalvulate  the  RV  outﬂow  tract.
The  schedule  and  frequency  of  those  additional  cath-
terization  procedures  are  determined  according  to  each
atient’s  characteristics.  Clinical  status  (even  if  the  patient
s  doing  well)  and  RV  pressures  (even  if  pleasantly  low)  have
o  be  taken  in  account.  The  distribution  can  also  be  still  very
eterogeneous  between  the  right  and  left  side  (perfusion
cans  are  very  helpful)  and  in  each  side  between  lobes  and
egments.
utcomes
ong-term  results  were  published  in  2011  [8];  20  patients
Table  1)  were  included  in  the  study.  The  mean  follow-up
as  8.2  ±  4.5  years  and  the  mortality  rate  was  15%.  Three
atients  did  not  survive  (respectively  0.3,  0.4  and  11.8  years
fter  surgery)  in  the  clinical  setting  of  RV  failure.  The  ﬁrst
atient  died  from  a  cardiac  arrest  and  could  not  be  resus-
itated,  in  the  context  of  severe  respiratory  distress  and
ever.  The  second  died  during  an  interventional  catheter-
zation,  in  the  setting  of  acute  RV  failure  with  arrhythmia.
he  third  patient  had  an  interrupted  follow-up  for  ten  years;
t  this  time,  RV  dysfunction  could  not  be  improved  despite
mergent  RV-PA  conduit  replacement  of  a  very  stenotic
omograft.  This  last  case  shows  how  the  follow-up  of  these
atients  matters.  The  PA  rehabilitation  process  has  to  be
onsidered  and  managed  as  a  continuum.  The  team  has  to
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Table  1  Characteristics  of  patients,  from  [8].
Characteristics
Men/women 12/8
Microdeletion  22q11  7
Nakata  index  (mm/m2)  26  ±  14
SaO2 (%)  76  ±  5
Number  of  MAPCAs 4  (2—6)
Right  aortic  arch 7
Right  subclavian  artery  in  lusoria  position 1
Left  superior  vena  cava 3
Additional  ventricular  septal  defect  1
Data are number, mean ± standard deviation or median range.
MAPCA: major aorto-pulmonary collateral artery; SaO2:
transcutaneous oxygen saturation.
Table  2  Example  of  continuation  of  pulmonary  artery
rehabilitation  process  after  surgical  complete  repair,
from  [8].
Follow-up  after  complete  surgical  repair
(years)
8.2  ±  4.5
Number  of  patients  17
Percutaneous  interventions  51
Balloon  angioplasty  52
Stent  placement  17
Residual  collateral  occlusion  12
Surgical  RV-PA  conduit  replacement  3
Table  3  Characteristics  of  the  patient.
Characteristics
Sex  Male
Weight  at  birth  (kg)  3.3
22q11  deletion  No
Nakata  index  (mm/m2)  25
SaO2 (%)  80
Number  of  MAPCAs  3
Angiographic  ‘sea-gull’ Yes
Complete  pulmonary  artery
distribution
Yes
Associated  cardiac  anomaly Atrial  septal
defect
MAPCA: major aorto-pulmonary collateral artery; SaO2:
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The  length  of  stay  in  the  intensive  care  unit  was  ﬁve  days
and  the  patient  was  discharged  on  the  10th  day.  SaO2 was
98%.  Early  outcomes  were  good.
Table  4  First  catheterization  and  angiographic
assessment.
Diagnostic  evaluation
PA Main  PA:  ‘sea-gull’
RPA:  1.7  mm,  probably
complete  distribution
LPA:  2  mm,  probably
complete  distribution
Nakata  index:  25  mm/m2
MAPCAs  3
Haemodynamic  evaluation  —
Interventional  procedure  None
LPA: left pulmonary artery; MAPCA: major aorto-pulmonaryData are number or mean ± standard deviation. RV-PA: right
ventricle-to-pulmonary artery.
be  scrupulous  and  mindful  in  the  follow-up  of  these  patients.
Table  2  illustrates  how  prointerventional  the  team  should  be
to  continue  to  promote  PA  growth.
Example of management: Case study
Pulmonary  atresia  with  VSD,  hypoplastic  PAs  and  MAPCAs
was  diagnosed  a  few  days  after  birth.  The  baby  boy  was
referred  to  our  institution  after  anatomical  evaluation  in
another  centre.  The  characteristics  of  the  patient  are  shown
in  Table  3.
The  ﬁrst  angiography  was  performed  (Fig.  1;  Table  4).
The  angiograms  showed  a  very  hypoplastic  ‘sea-gull’  with
hypoplastic  native  PAs  (right  PA,  1.7  mm;  left  PA,  2  mm)
and  three  MAPCAs.  The  distribution  of  the  pulmonary  vas-
cularization  was  hypoplastic  but  apparently  complete.  The
Nakata  index  was  25  mm/m2.  MAPCA  1  was  emerging  from
the  descending  aorta  and  was  connected  to  the  inferior  right
pulmonary  lobe.  MAPCAs  2  and  3  were  emerging  from  the
descending  aorta  and  were  connected  to  the  inferior  left
and  right  pulmonary  lobe.  The  saturation  decreased  very
slowly  to  65%  during  the  ﬁrst  weeks,  due  to  the  obstructive
evolution  of  the  MAPCAs.Step 1
At  the  age  of  3.4  months  (4.5  kg),  the  patient  underwent  a
surgical  procedure  under  CPB,  with  establishment  of  RV-PAtranscutaneous oxygen saturation.
ontinuity,  with  an  autologous  pericardium  patch.  The  post-
perative  course  was  simple  and  SaO2 increased  to  90%.  The
ength  of  stay  in  the  intensive  care  unit  was  three  days  and
he  patient  was  discharged  home  on  the  13th  day.
tep 2
he  second  catheterization  was  performed  3.5  months  later
Table  5)  and  the  third  catheterization  was  performed  two
onths  later  (Table  6).
tep 3
he  second  surgical  procedure  was  performed  at  the  age  of
1  months  (8.5  kg).  Under  CPB,  the  pulmonary  bifurcation
nd  branches  were  reconstructed,  the  RV-PA  connection  was
one  with  a  pulmonary  homograft  (diameter  20  mm)  and  the
SD  was  closed.  At  the  end  of  the  procedure,  the  RV/LV
ressure  ratio  was  0.7.  Haemodynamics  were  satisfactory.collateral artery; PA: pulmonary artery; RPA: right pulmonary
artery.
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Table  5  Second  catheterization.
Diagnostic  evaluation
PA  Main  PA:  6  mm
RPA:  4  mm,  complete
distribution
LPA:  3.5  mm,  complete
distribution
Nakata  index:  70  mm/m2
MAPCAs  1,  2  and  3  Decreasing  diameters
Haemodynamic  evaluation  Low  distal  LPA  and  RPA
pressures
RV-PA  gradient:  40  mmHg
Interventional  procedure  None;  PA  growth  was
regarded  as  satisfactory
LPA: left pulmonary artery; MAPCA: major aorto-pulmonary
collateral artery; PA: pulmonary artery; RPA: right pulmonary
artery; RV: right ventricle.
Table  6  Third  catheterization.
Diagnostic  evaluation
PA Main  PA:  12  mm
RPA:  6  mm
LPA:  4.5  mm
Nakata  index:  90  mm/m2
MAPCAs  1,  2  and  3 Decreasing  diameters,  almost
occluded
Haemodynamic  evaluation  Low  distal  LAP  and  RPA
pressures
RV-PA  gradient:  40  mmHg
Interventional  procedure  Balloon  angioplasty  of  the
LPA
LPA: left pulmonary artery; MAPCA: major aorto-pulmonary
collateral artery; PA: pulmonary artery; RPA: right pulmonary
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Table  7  Fourth  catheterization.
Diagnostic  evaluation
PA RVOT:  18  mm
Origin  of  RPA:  6.9  mm
Origin  of  LPA:  6.8  mm
Nakata  index:  160  mm/m2
MAPCAs  1,  2  and  3 Occluded
Haemodynamic  evaluation RV/LV  pressure  ratio:  1
Interventional  procedure Balloon  angioplasty  and
stenting  of  LPA
Haemodynamic  evaluation
after  interventional
procedure
RV/LV  pressure  ratio:  0.75
LPA: left pulmonary artery; LV: left ventricle; MAPCA: major
aorto-pulmonary collateral artery; PA: pulmonary artery;
RPA: right pulmonary artery; RV: right ventricle; RVOT: right
ventricular outﬂow tract.
Table  8 Fifth  catheterization.
Diagnostic
evaluation
PA  RVOT:  18  mm
Origin  of  RPA:  7.6  mm
Origin  of  LPA:  7.4  mm
Nakata  index:  170  mm/m2
MAPCA  1,  2  and  3  Occluded
New  collateral  1,  right-sided
Haemodynamic
evaluation
Distal  RPA  pressure:  28  mmHg
Distal  LPA  pressure:  18  mmHg
RV/LV  ratio  pressure:  0.75
Interventional
procedure
Angioplasty  of  the  left  lobar
pulmonary  branch
Angioplasty  and  stenting  of  the
proximal  LPA
Angioplasty  and  stenting  of  the
distal  RPA
Angioplasty  of  the  tight  mediastinal
branch
Occlusion  of  the  collateral  with  a
coil
LPA: left pulmonary artery; LV: left ventricle; MAPCA: major
aorto-pulmonary collateral artery; PA: pulmonary artery;
RPA: right pulmonary artery; RV: right ventricle; RVOT: right
ventricular outﬂow tract.
a
dartery; RV: right ventricle.
RV  pressure  then  increased  progressively  to  a  systemic
evel,  as  the  native  PAs  were  still  moderately  hypoplastic;
heir  growth  was  not  as  good  as  expected  and  echocardiog-
aphy  showed  a  left  PA  stenosis.
dditional steps
he  fourth  catheterization  was  performed  2.5  years  after
he  second  surgery  (Table  7)  (Fig.  4).  The  ﬁfth  catheteriza-
ion  was  performed  when  the  patient  was  eight  years  old,
ve  years  after  the  most  recent  catheterization  (Table  8).
he  immediate  results  were  reserved.  Despite  the  angio-
lasties,  a  reduction  in  RV  and  distal  PA  pressure  was  not
bserved,  most  likely  due  to  the  consequences  of  this  new
orto-pulmonary  collateral.
Shortly  afterwards,  the  sixth  catheterization  re-
valuated  haemodynamics:  the  distal  PA  and  RV/LV  ratio
ressures  were  decreased  to  18  and  0.6,  respectively.  The
akata  index  was  260  mm/m2 (10  times  the  original!).
Follow-up  was  satisfactory,  with  a  standard  quality  of  life
normal  schooling,  normal  physical  activities).  Exercise  test
b
h
ond  24-hour  Holter-electrocardiogram  were  normal.  A  car-
iological  follow-up  was  organized  for  each  year;  this  should
e  combined  with  magnetic  resonance  imaging  and  another
aemodynamic  evaluation  in  the  following  years.
Fig.  5  summarizes  the  evolution  of  this  patient,  through-
ut  his  ﬁrst  decade.
Management  of  patients  with  pulmonary  atresia  673
Figure 4. Example of additional step in the rehabilitation of pulmonary artery procedure. A. Angioplasty and stenting of the right
pulmonary artery. B. Angioplasty and stenting of the left pulmonary artery.
Figure 5. Retrospective view of the rehabilitation procedure in patients with extremely hypoplastic pulmonary artery, ventricular septal
defect and major aorto-pulmonary collateral arteries: one reported case. KT: catheterization.
674  
Figure 6. The ‘Timone Children’s Hospital pulmonary arteries
rehabilitation programme’. Cath: catheterization; CT: computed
tomography; Echo: echocardiography; MRI: magnetic resonance
imaging; PA: pulmonary artery; RV: right ventricle; VSD: ventricular
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tic, conﬂuent pulmonary arteries. J Thorac Cardiovasc Surgeptal defect.
iscussion
he  strategy  of  rehabilitation  of  the  native  PA  promotes
ntegrade  pulmonary  blood  ﬂow,  increasing  native  PA
rowth.  The  following  stages,  with  several  percutaneous
atheterizations  and  at  least  unifocalization  of  MAPCAs  and
SD  closure,  provide  good  long-term  results.
The  classical  approach,  based  on  single-  or  multi-
tage  complete  unifocalization  and  repair  of  pulmonary
tresia  with  VSD  and  MAPCAs,  produces  some  interesting
esults  but  has  several  disadvantages,  which  should  be  dis-
ussed.
First,  we  must  admit  that  early  complete  repair  deals
ith  low-weight  patients.  Complete  repair  with  unifocal-
zation  of  MAPCAs  in  such  low-weight  babies  is  very  chal-
enging  and  the  surgical  performance  can  be  highlighted.V.  Fouilloux  et  al.
owever,  small  patients  imply  a  small  RV-PA  conduit,  which
eans  an  early  replacement.  It  is  likely  that  the  infundibu-
otomy  requires  to  be  extended  towards  the  RV.  Loﬂand
9],  who  reported  a  median  weight  of  3  kg  at  the  time  of
urgery,  forget  to  mention  the  size  of  the  cryopreserved  pul-
onary  allografts  he  used.  We  can  guess  that  they  were
ess  than  16  mm,  which  raises  the  problem  of  long-term
utcome  and  the  issue  of  the  accessibility  of  such  allo-
rafts.  Moreover,  even  if  he  argues  that  the  late  results
re  good,  the  length  of  follow-up  was  not  speciﬁed  in  his
tudy.
In  a  14-year  survival  study,  Carotti  et  al.  [10]  demon-
trated  that  long-term  outcomes  were  affected  negatively
y  low  body  weight  and  positively  by  staged  VSD.
In  low-weight  patients,  some  authors  perform  a  cen-
ral  or  a  modiﬁed  Blalock-Taussig  shunt  as  a  ﬁrst  approach,
o  promote  antegrade  pulmonary  ﬂow  [11]. We  think
hat  establishment  of  the  RV-PA  continuity  avoids  the
otential  distortion  of  native  PAs  because  of  the  shunt
nastomosis,  especially  in  severely  hypoplastic  native
As.
onclusion
he  strategy  of  rehabilitation  of  native  PAs  in  the  manage-
ent  of  patients  with  pulmonary  atresia,  VSD,  hypoplastic
As  and  MAPCAs  is  a  demanding  challenge.  It  requires  con-
tant  and  collaborative  efforts  of  surgeons,  interventionists,
nesthesiologists,  intensivists  and  referring  cardiologists.  A
eam  strategy  must  be  deﬁned,  thoroughly  re-evaluated  and
ollowed  for  each  of  these  difﬁcult-to-treat  patients.  Fig.  6
ummarizes  this  PA  rehabilitation  programme,  exactly  as  it
s  managed  in  our  team.
Moreover,  support  from  the  family  is  an  important  point
n  the  management  of  such  long-lasting  care.  That  implies
upplying  good,  clear  and  exhaustive  information  from  the
ery  beginning  of  the  story.  In  these  circumstances,  it  is
ossible  to  achieve  good  quality  biventricular  repair.  This
pproach  frequently  avoids  using  collateral  tissue  to  cre-
te  the  long-term  pulmonary  bed,  thus  avoiding  questions
bout  long-lasting  value  of  this  tissue  [12]. We  believe  that,
lthough  only  one  of  the  multiple  therapeutic  protocols  is
ossible  for  these  patients,  this  strategy  may  offer  good
ong-term  results  for  patients  who  may  otherwise  never  even
each  the  step  of  biventricular  repair.
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